Abstract
Introduction
Heavy metal pollution of water and soil is known to adversely affect the ecology causing health hazards in humans [1] . Unlike organic contaminants, heavy metals are not biodegradable and tend to accumulate in living organisms having toxic or carcinogenic effects [2] . A number of these toxic heavy metals have been discharged to the environment as industrial wastes, causing serious soil and water pollution [3] . Major contributors to environmental pollution with toxic metals are released from anthropogenic sources such as metal plating facilities, mining operations, fertilizer industries, tanneries, batteries, paper industries, pesticides, power regeneration and electronic industries [1] .
Quantification of heavy metals in industrial effluents, various water and biological samples is important especially in the environment monitoring and assessment of occupational and environmental exposure to toxic metals [4] . Direct determination of trace metal ions in the samples of complex matrices still remains a difficult task because of inadequate sensitivity and selectivity of the methods employed and strong interference from the sample matrix.
The matrix effects become more pronounced when the limitations of sophisticated analytical devices cannot be overlooked [5] . Thus, the best way is to separate the metal ions from the matrix constituents prior to their determination [6] .
Several methods, such as chemical precipitation, electrolysis, membrane separation, and ion exchange are available to remove toxic metals from aqueous waste streams. Among the heavy metal removal processes, ion exchange process is very effective to remove various heavy metals and can be easily recovered and reused by regeneration operation. Thus, it is probably one of the most attractive processes and, consequently, the one commonly used in industry, because of its simple and efficient application as well as cost effectiveness [7] .
Inorganic ion exchangers, due to their properties such as chemical and thermal stability, resistance to oxidation, unique selectivity to certain ions, have definite advantages over the well known and traditionally used organic resins [8] . Moreover, inorganic ion exchangers also have advantage in that they have a little tendency to swell in contact with water [9] .
Currently, organic-inorganic hybrids or composite exchangers are being advocated for ion exchange applications owing to their advantages compared to pure organic or inorganic counter parts [10] . However, inorganic exchangers of better quality are required to fabricate novel composite exchangers. Further, different types of metal pollutants from chemical process industries necessitates finding new inorganic ion exchangers that have good ion exchange capacity, selectivity, thermal, radiation and chemical stabilities that are capable of removing toxic substances from waste water media of versatile nature [11] .
Several studies show that mixed salts have better ion exchange properties as compared to single salt. These mixed salts have tetravalent metals such as Ce(IV), Sn(IV), Ti(IV) and Zr(IV) in combination with any two to four anions from W, P, Mo, Si, V, I, Se, As and Sb. [5, 6, [12] [13] [14] [15] . Within the ever growing field of polyoxometalates, the tungstomolybdate system is relatively less studied; consideration of such systems in the ion exchange applications is therefore worthwhile. Ti(IV) based ion exchangers are known for their chemical and thermal stabilities compared to other tetravalent metals under identical conditions, so the synthesis of ion exchangers based on titanium is also worth considering [15] . To the best of our knowledge, no work has yet been reported on the preparation of titanium(IV)tungstomolybdate both in amorphous and nanocrystaline form. Nanocrytalline materials have been used as sorbent due to their improved intrinsic properties such as chemical activity and fine grain size compared with the classical substances [16] [17] [18] . Accordingly, the latest development in this field is potential applications of these nanomaterials for ion exchange applications [10, 19, 20] .
In the present study, nanotitanium(IV)tungstomolybdate has been produced via coprecipitation method using urea as a precipitating agent. The as-synthesized material has been characterized by X-ray diffraction (XRD), transmission electron microscope (TEM, STEM/HAADF/EDS), infrared spectroscopy (FTIR) and Brunauer-Emmett-Teller (BET) method and the ion exchange property of the material has been studied via batch equilibration technique. The exchanger demonstrated considerably high affinity towards analytically important metal ions such as Pb(II), Cr(III) and U(VI) in aqueous solution.
Experimental

Chemicals and Reagents
The main reagents used for the synthesis of the nano-exchanger were titanium(IV) chloride, sodium tungstate and sodium molybdate all procured from SD fine chemicals, India. The following chemicals were also employed in the present work: manganese nitrate, copper nitrate and cadmium nitrate (SD fine chemicals, India); mercuric nitrate, lead nitrate, zinc nitrate, nickel nitrate, barium chloride, potassium chloride and sodium chloride (Blulux, India); urea and dimethyl sulfoxide (DMSO) (Abron chemicals, India); lithium chloride, calcium chloride, magnesium chloride, uranyl nitrate, chromium nitrate, potassium hydrogen phthalate, sodium hydroxide, phenolphthalein and disodium salts of EDTA (BDH, UK); hydrochloric acid and sulphuric acid (Blulux, India); nitric acid and N,N-dimethyl formamide (Breckland Scientific Supplies, UK); and formic acid (Fisher Scientific Company, USA). All the above chemicals and reagents were analytical grade and used with no further purification.
Preparation of reagents
Solution of 0.1M titanium(IV) chloride (TiCl 4 ) was prepared in 0.01M HCl and 0.1M sodium tungstate dihydrate (Na 2 WO 4 .2H 2 O) and 0.1M sodium molybdate dihydrate (Na 2 MoO 4 .2H 2 O) solutions were prepared in deionized water. Urea solution, the precipitating agent, was prepared by dissolving 0.75 g urea crystals in 40 mL of deionized water.
Optimization of synthesis parameters
Before synthesis of the nano-titanium (IV) tungstomolybdate cation exchange material, the synthesis parameters such as concentrations of precursors, reactants molar ratio, amount of precipitating agent and reaction temperature were optimized based on the maximum ion exchange capacity obtained for a given parameter keeping the other synthesis parameters constant.
Synthesis of nano-titanium(IV) tungstomolybdate
A 120 mL solution of 0. 
Where V NaOH, C NaOH and W d are the volume of NaOH in liter, the concentration of NaOH in milliequivalents per litre and the weight of the dry exchanger sample in g, respectively [19] .
Effect of eluent concentration on IEC
To determine the optimum concentration of the eluent for complete elution of H + ions, 0.5 g of ion exchanger was shaken for 12 h with 125 mL of NaCl solution with concentration ranging from 0.2 M to 2 M with step difference of 0.2 M. [6, 10] .
Effect of Contact time on IEC
To evaluate the effect of contact time, 0.5 g of ion exchanger in H + form was shaken with 50 mL solution of 1 M NaCl solution and the amount of librated H + was determined by titration against 0.1 M NaOH solution after every 4, 8, 12, 16, 20, 24 and 48 h, keeping other parameters constant. The time elapsed to achieve maximum IEC was taken as an optimum contact time for the batch equilibrium reactions [10] .
Effect of agitation speed on IEC
To determine the optimum agitation speed, 0.5 g of ion exchanger in H + form was shaken with 50 mL of 1 M NaCl solution at 50, 100, 150, 200 and 250 rpm for the optimum shaking time and the amount of librated H + was determined by titration against 0.1 M NaOH solution, keeping other parameters constant. The rotor speed that resulted in maximum IEC was taken as an optimum agitation speed in the entire work.
pH titration
For the pH titrations, 0.5 g portions of the exchanger in H + form were placed in each of the eleven 250 mL conical flasks, followed by equimolar solutions of alkali metal chlorides and their hydroxides in different volume ratios, the final volume being 50 mL to maintain the ionic strength constant. The pH of the solution was recorded every 24 h until equilibrium was attained (which needed about 5 days) and pH at equilibrium was plotted against the milli-equivalents of OH − ions added [25, 26] .
Ion exchange capacity for different metal ions
Separation of metal ions was accomplished by batch equilibrium technique. Six equal parts of 0.5 g each of the exchanger in H + form was added into six different 250 ml Erlenmeyer flasks. Then 50 ml of 1 M solutions of different alkali and alkaline earth metal chlorides ( Li + , Na + , K + , Mg 2+ , Ba 2+ and Ca 2+ ) were added separately to these flask and agitated on a shaker at 100 rpm for 12 h and titrated against standard sodium hydroxide solution, separately. The ion exchange capacity for each metal ion was calculated as described in section 2.6.1 [26] .
Thermal stability
The effect of thermal treatment of exchanger on its IEC was determined by heating 0. 
Distribution coefficient studies
Distribution coefficient (K d ) was used to assess the overall ability of the material to remove the ion of interest under a set of conditions. A 0. C to attain the equilibrium. The metal ion concentrations before and after the equilibrium were determined by EDTA titration. The distribution coefficients were calculated using equation (5) [24, 26] : 
Statistical analysis
The data was analyzed using SAS version 9.1 (2002) (2003) to compare the ion exchange capacity of different samples and distribution coefficient of metal ions in different solvent systems.
Results and Discussion
Synthesis of Nanotitanium(IV)Tungstomolybdate
Nanotitanium(IV)tungstomolybdate was prepared via homogeneous precipitation technique using urea as a precipitating agent. The conditions used for the preparation have shown considerable effect on the ion exchange property of the as-synthesized material. The different factors affecting preparation conditions examined in this work were sodium tungstate concentration, amount of urea as a precipitating agent, mixing volume ratio of the reactants and precipitating temperature. The data generated were all in triplicates and average values were taken.
To determine the optimum concentration of sodium tungstate dihydrate, seven nanotitanium(IV) tungstomolybdate samples were prepared by varying the tungstate concentration and fixing the other parameters constant (Table 1) . Among the different concentration studied, 0.1M sodium tungstate dihydrate exhibited relatively higher IEC and this was employed for the subsequent synthesis work. Sodium tungstate is the precursor for the anionic part where the replaceable H + attaches. Increasing the anionic part has positive result in lifting the IEC of exchangers to a certain extent. This is because as the anionic part inside the cation exchanger increases, there is also an increase in IEC.
Further increase in the concentration of sodium tungstate; however, did not show commensurate increase in IEC of the exchanger, rather it tends to decrease. This could be attributed to the consumption of the HCl present in the preparation media. The amount of urea required to fabricate the exchanger with maximum IEC was also studied. Accordingly, five samples were prepared by varying the amount of urea (from 0 to 1.3 M). The amount of urea (0.3 M) that resulted in highest IEC for Na + was taken as optimum and was used in the subsequent syntheses (Table 1) . Further increase in the amount of urea beyond 0.3 M did not provide better result in our case, rather the IEC continuously declined when the concentration of urea raised above 0.3 M. The decrease in IEC may be due to the presence of carbonate precipitate produced from the urea hydrolysis, which could contaminate the surface of the exchanger there by affecting the exchange capacity of the materials [28] .
In order to determine the optimum mixing volume ratio of the precursors, seven samples with various mixing volume ratio were prepared keeping the other parameters constant (Table 1S ). The mixing volume ratio of 4:4:1:1 comprising titanium tetrachloride, urea, sodium molybdate dihydrate, and sodium tungstate dihydrate in that order resulted in stable and large amount of precipitate. This was selected as an optimum mixing volume ratio for the subsequent steps.
The effect of temperature on the IEC of the exchanger materials was also assessed. This experiment was carried out by using the previously optimized synthetic conditions at various temperatures (Table 1) Finally, based on the optimum synthesis conditions displayed in Table 1 , four samples of titanium(V)tungstomolybdate ion exchanger were prepared. Three of the samples were calcined at 400, 500 and 600 0 C respectively, for 3 h, leaving the other one uncalcined.
Among these four samples, that one calcined at 600 0 C showed the maximum IEC (2.41 meq g -1 for Na + ions) ( Table 2 ) and was selected for further investigation. 
Fourier transform infrared spectroscopy (FTIR)
The FTIR spectra of the as-synthesized cation exchanger titanium(IV) tungstomolybdate is presented in Figure 1 . A broad relatively weak band in the region 3500-3000 cm -1 is attributed to interstitial water molecules and hydroxyl groups. The band is weak possibly because of loss of internal water molecules as the result of higher calcinations temperature used during the synthesis of the exchanger [11, 30] . A sharp peak around 1623 cm 
X-ray diffraction (XRD)
The uncalcined sample shows no diffraction peaks revealing the amorphous nature of the exchanger ( Figure S1 ). On the other hand, sharp and intense diffraction peaks are observed from the XRD patterns of the as-synthesized titanium(IV) tungstomolybdate samples calcined at the three different temperatures indicating that well crystalline structures are formed ( Figure S1 ). This crystallinity was found to increase together with the calcination temperature, probably due to ( Figure S1 ). the phase transformation of TiO 2 from anatase to rutile. The same pattern of particle size-calcination temperature relationship was reported by Li and co-workers [31] . According to these scholars, the anatase nanoparticle size decreases slightly with the increase of substrate temperature until the transition temperature. However, increased particle size has been observed with increasing temperature once the transition temperature was surpassed. The XRD pattern of the assynthesized titanium (IV) tungstomolybdate exchanger (BK-4) is displayed in Figure 2 .
The presence of anatase is discarded in our sample, whereas the rutile phase of TiO 2 (00-034-0180) was predominant (45%) with diffraction peaks at 2theta = 27.6º, 36.1º, 41.3º, 
Surface Area
The average specific surface area of the as-synthesized titanium(IV) tungstomolybdate cation exchange material calcined at 600ºC (BK-4) was found to be 1.46 m 2 /g which indicates that the synthesized nanomaterial has relatively low specific surface area.
Transmission Electron Microscopy studies.
The homogeneity of the sample and the average particle size was initially investigated by systematic low magnification TEM coupled with EDS observations. Figure 3 Figure 4 allow observing the highly ordered structure in the TiO 2 particles, in which the brighter spots correspond to either W or Mo atoms randomly distributed in the structure. Figure 4c shows the EDS spectrum of the image recorded in Figure 4b . (Table 3) 
pH titration curve
The pH titration curve was obtained under equilibrium conditions for 0.1 M NaCl-NaOH system . Figure 5 indicates that nanotitanium(IV) tungstomolybdate appears to be strong cation exchanger as indicated by a low pH (~2.77) of the solution when no OH -ion was added. As the volume of NaOH added to the system is increased, more OH -ions are consumed suggesting in the increase of the rate of ion exchange in basic medium due to the removal of H + ions from the external solution. The pH titration curve, depicted in Figure 5 , showed two inflections at pH 4.9 and 9.3, respectively, indicating that nanotitanium(IV)tungstomolybdate behaves as bifunctional ion exchanger. Thus, it exhibits two plateaus corresponding to the replacement of two hydrogen ions per mole of nanotitanium(IV) tungstomolybdate. Figure 5 . The pH-titration curve of nanotitanium(IV) tungstomolybdate with 0.1M NaOH.
Chemical stability
Chemical stability of an ion exchanger in acid, base and organic media is important for its applications in varied environments. The synthesized nanotitanium(IV) tungstomolybdate cation exchanger exhibits fair chemical stability in strong acids like HCl, HNO 3 , H 2 SO 4 up to 2 M and also in some organic solvents up to 2 M concentration (Table 4 ). However, it shows low stability in strong base media, NaOH. This is due to the hydrolysis of the exchange materials at higher pH [36] . In the studied solvents, the cation exchanger's stability as well as IEC decreased with increase in the concentration of the solvent. Direct literature comparison of our work with previous reports was not possible as many of the reports made so far in this connection focused on the amount of ions (anions, cations) released per gram of the exchanger for the solvent under consideration rather than the IEC of the exchanger after treatment in a given solvent media. Elkady et. al., reported in a way we depicted our results for an exchanger nanozirconium(IV)tungstovanadate [42] . This exchanger was reported to exhibit very well stability in both acids and organic solvents but relatively lower resistance to bases. Moreover, a decreased in stability was also observed with increased concentration of the acids considered similar to our findings.
Thermal stability
Upon heating the selected sample (BK-4) of nanotitanium(IV) tungstomolybdate, from 100 0 C to 800 0 C for 1 h, the color of the exchanger was converted from yellow to deep yellow. The exchanger exhibited considerable thermal stability up to 500 o C and reasonable stability up to 700 o C. However, the loss in mass and IEC of the exchanger was found to decrease with increasing temperature though the degree in loss of the IEC was much pronounced as compared to the loss in mass (Table 5 ). For example, the loss in mass for the exchanger material up to 500 o C was only about 10% where as the loss in IEC at this temperature was found to be nearly 70%. This is contrary to one might expect for crystalline nanoexchangers such as Ti(IV)tungstomolybdate since such materials are presumed to maintain their structural water much better than amorphous ones. Similar reports in this regard have been made by Abd El-Latif and Elkaday for nano zirconium vanadate the loss of which ranged from 30-50% depending on the synthesis approach [19] .
Contrary to our findings, Nabi et al., reported more than 80% IEC retention for Zr(IV) tungstomolybdate exchanger for a temperature upto 1000 o C [5] . In fact an increase in IEC was also registered with increase in temperature for Sn(IV)molybdosilicate ion exchanger contrary to the general observation of loss in IEC with elevated temperature [35] . Table 5 : Thermal stability of nanotitanium(IV) tungstomolybdate (0.5 g of the exchanger was initially taken for the treatment)
WAH-Weight after heating , LIW-Loss in weight, AAH-Appearance after heating
Ion exchange capacity (IEC) for metal ions
The IEC of nanotitanium (IV) tungstomolybdate for some alkali and alkaline earth metal ions are presented in Table 6 . The IEC for alkali metal ions is found to be higher than for alkaline earth metal ions. and cations in ionic crystals, obeys Coulomb's law which demands that for cations of equal charge a smaller cation will be attracted with a greater force by its counterpart anion and, therefore, will be held more tightly than a larger cation [27, 43] . Also, the extent of ionic hydration and the hydrated ionic size are inversely proportional to the atomic radius of the metal ion. IEC increases with the decrease in hydrated ionic radii down the group; thus, ions with smaller hydrated radii easily enter the pores of the exchanger resulting in higher IEC. Table   7 . It is clear from the data presented in Table 7 values for Zn 2+ are 20 for zirconium(IV) arsenate and zirconium(IV) iodotungstate [ 6, 24] and 187 for zirconium titanium phosphate [11] in demineralized water. All the values of K d are given in mL.g −1 .
Another most promising feature of nanotitanium(IV) tungstomolybdate inorganic cation exchanger is its high selectivity observed for UO 2 2+ -the radio nucleotide. The exchanger 
Conclusion
In this study, an inorganic cation exchanger, nanotitanium(IV)tungstomolybdate was synthesized, characterized and evaluated for its cation exchange capacity (IEC) and other properties. The IEC for Na + ions for this exchanger was found to be 2.41 meqg -1 for the material calcined at 600ºC. Nanotitanium(IV) tungstomolybdate obtained as yellow powder was found to be stable in water, fairly well stable in strong acids like HCl, HNO 3 
